Summary A case-control study has been carried out to examine the occurrence of childhood cancer in relation to the proximity of overhead power lines to a child's home address at birth and to the calculated magnetic field at the address. The study included 374 cases diagnosed in the Yorkshire Health Region between 1970 and 1979, together with 588 matched controls. Magnetic-field strengths at the birth addresses due to the load currents of overhead power lines were calculated on the basis of line-network maps and load records. The results indicate no association between the occurrence of childhood malignancies and either the proximity or the magnetic fields of overhead lines, although the statistical power of the study was limited by the small numbers of children living close to overhead power lines.
Summary A case-control study has been carried out to examine the occurrence of childhood cancer in relation to the proximity of overhead power lines to a child's home address at birth and to the calculated magnetic field at the address. The study included 374 cases diagnosed in the Yorkshire Health Region between 1970 and 1979, together with 588 matched controls. Magnetic-field strengths at the birth addresses due to the load currents of overhead power lines were calculated on the basis of line-network maps and load records. The results indicate no association between the occurrence of childhood malignancies and either the proximity or the magnetic fields of overhead lines, although the statistical power of the study was limited by the small numbers of children living close to overhead power lines.
The possibility of there being a relationship between childhood cancer and exposure to power-frequency magnetic fields was raised some time ago by Wertheimer and Leeper (1979) following a study in Denver City, Colorado. This investigation was a case-control study of children who had died from childhood cancer, the exposure of the children in the home to magnetic fields being inferred from the type and proximity of neighbouring overhead electrical distribution wiring. Shortly afterwards, a study of childhood leukaemia in Rhode Island (Fulton et al., 1980) , similar to that of Wertheimer and Leeper but including both deceased and live cases, found no such relationship. However, the adequacy of Fulton's exposure estimates has been questioned by Savitz et al. (1988) and problems of occupancy times for cases and controls have been raised by Wertheimer and Leeper (1980) . Tomenius (1986) , in a study in Stockholm, assessed exposure both through proximity to electrical installations and through instantaneous (spot) measurements of magnetic field at case and control homes. They found that cases were more likely to live close to electrical installations. For cases and controls not close to such installations, they found that cases were more likely to have a raised home magnetic field relative to the home magnetic field for controls. These early studies have been subject to much criticism (e.g. Roth, 1985; Savitz, 1986) .
The careful study of Savitz et al. (1988) was also conducted in the Denver area. Proximity to electrical installations was determined and measurements of magnetic field were made. They conclude that the overall pattern of their results provides some evidence that magnetic fields are higher for cancer cases as compared to controls. They find stronger evidence that the codes, derived from nearby wiring configurations, and which were used as surrogate for magnetic field exposure, are associated with childhood cancer. Savitz and Feingold (1989) , however, also found inconclusive evidence for an association between childhood cancer and residential traffic density for the same group of children in the earlier study.
The published work has been critically reviewed by Ahlbom (1988) and Savitz et al. (1988) . A more recent review was made by Cartwright (1989) who also addresses the issue of whether a definitive study of an association between childhood cancer and exposure to power frequency magnetic fields could ever be mounted. On re-examining the information which formed the basis of the preliminary analysis (Myers et al., 1985) , a total of 419 cases and 656 controls were identified as potentially eligible for inclusion in the study. For each of these, a home address at the time of birth was sought, on the assumption that this represented the residence of the mother whilst she was pregnant. If no address could be found, or if an address could not be located, all members of the case-control match were excluded, as indicated in Table I The original case and control identification and mapping had been carried out 'blind', with researchers not being able to identify which set of numbers from the manual master index were cases and which were controls. The reworking of this data meant that, to some extent, the anonymity was removed. The individuals who carried out the second mapping exercise had not, however, been involved with the earlier one.
Rationale for the magnetic-field estimations
In the home, contributions to the 50 Hz magnetic field may be produced by internal or neighbouring domestic electrical equipment and wiring arrangements, or by external sources, such as underground transmission and distribution cables or overhead transmission and distribution lines. Of these, only the fields due to overhead lines and separate-phase underground cables (i.e. those with spaced-apart conductors) are in practice amenable to calculation on the basis of available load information.
At voltages of 11 kV and above, the power transmission and distribution systems in the UK are mainly three-phase, with no neutral conductor. The low-voltage (415 V) part of the distribution system is also three-phase, but does normally have a neutral conductor. In rural areas, the 415 V circuits are carried mainly by spaced-apart overhead wires. In urban areas these circuits are carried by underground cables with twisted-together conductors and an earthed or neutral sheath. In both cases, some fraction of the neutral current may return to the distribution transformer by various routes other than that of the neutral conductor itself, so that the neutral current does not fully balance out the load currents and the circuit will carry a net (or out-of-balance) current. This current, which is very difficult to predict or calculate, generates a relatively weak magnetic field which decreases slowly with distance from the circuit and contributes to the 'background' in all homes irrespective of whether they are served by overhead or underground distribution circuits. Overhead circuits, however, normally generate an additional magnetic field (which can be relatively strong close to the circuit) because the load currents flow in conductors which are spaced apart. It can be readily calculated, given the load carried by the circuit. The fields generated by the load currents of overhead lines therefore provide a tractable means of characterising magnetic field exposure in homes, provided that for a substantial fraction of the time they are greater than the background fields due to out-of-balance currents, stray neutral currents and other sources.
Measurements were made at 44 homes in Yorkshire (see Myers et al., 1985) to establish typical background domestic field strengths and hence to assist in the estimation of the effective range within which fields due to overhead-line load currents could be assumed to make a significant additional contribution to domestic levels. For ethical reasons and to maintain confidentiality, no measurements were carried out at case or control addresses directly involved in the study. The range of fields measured for all properties (including a few high-rise flats) was from 0.01 to 4 mG with a median of about 0.15 mG. Calculations (assuming balanced phase currents) showed that fields due to overhead lines could not exceed this median level at distances greater than 100 m from lines of 66 kV and below, 250 m from single-circuit 132 kV lines, and 500 m from most dual-circuit 132 kV lines and from the 275 kV and 400 kV lines in the study. (For some dual-circuit 132 kV lines, the phase configuration of the two circuits was such as to reduce the distance to within 250 m.) Field calculations were therefore made only for addresses within these distances of the respective line types. No underground cables with spaced-apart conductors were encountered near any of the addresses.
Overhead-line location and other factors The location of overhead power lines in the immediate vicinity of all addresses on the master index of cases and controls was established with the aid of maps made available by two Area Electricity Boards (Yorkshire Electricity Board (YEB), and North Eastern Electricity Board (NEEB)) and the North Eastern Region of the Central Electricity Generating Board (CEGB). (In England and Wales, at the time this study was carried out, the Central Electricity Generating Board was responsible for the generation and high-voltage transmission of electrical power. Twelve Area Boards were responsible for the subsequent distribution of power (at voltages from 132 kV downwards) to the consumers.) These were Ordnance Survey maps at scales of 1:2,500 or 1:500, on which line routes had been plotted in detail.
The maps used for the preliminary analyses (Myers et al., 1985) had been provided by the boards on the basis of address lists supplied to them. The present analysis is based on a different and more up-to-date set of maps, which were consulted directly at the various CEGB and Area Board offices by research assistants who had no previous connection with the study. The distances from the centre of each dwelling to overhead lines of any description were measured on the maps. Investigations of several actual sites showed that these measurements were accurate to better than 5 m. The perpendicular distance to the line was used, except where the line terminated short of the address, in which case the distance between the end of the line and the dwelling was noted, together with the orientation of the line relative to the direction of the termination point. A note was also made from the maps of the house-type (terraced, semi-detached, detached or other) for each address.
For each line, information was obtained from the Boards on whether it was built and whether it was energised in the year of birth of the relevant cases and controls. Load information (see below) and details of the configuration and phasing arrangements of conductors for each identified line were also supplied by the Boards.
The overhead lines encountered in this study fall into three groups: high-voltage transmission lines (at 275 and 400 kV) operated by the CEGB, high-voltage distribution lines (at 132, 66, 33 and 11 kV) and low-voltage lines (at 480, 415 and 240 V), the latter two groups both being operated by the Area Boards. The numbers of each type encountered are given in Table II. Magnetic field calculations The aim of the field calculations was to estimate the field strengths produced at each case and control address by the maximum load currents carried by nearby overhead lines in the year of birth, the assumption being that this was proportional to each child's exposure in that year.
Currents for all lines at 33 kV and above were obtained directly from the records of meters at strategic points on the system, which recorded the average load sustained over 20-or 30-minute periods. For 11 kV and low-voltage lines, indirect methods of estimating maximum demand were agreed with engineers from the two Area Boards concerned and the actual estimates were made by engineers who were not otherwise involved in the study. For 275 kV and 400 kV lines, the loads were those obtaining at the period of maximum demand on the whole CEGB system in the given year. CEGB records were available for each year back to 1974. The Area Boards' maximum-load estimates differed from those of the CEGB in that they represented the maxima for individual lines, regardless of the total load on the system. The records of the Area Boards also extended back to 1974, but with some gaps in the case of the YEB.
For years before 1974, the load data for 1974 were taken to apply (to some extent, the growth in demand in this period was met by extension of the system so that loads on existing lines tended to remain constant). For other years where no record existed for particular lines, the maximum load in the years immediately before and after the relevant year was taken.
To calculate the magnetic field near a power line, the contributions from currents in the several parallel conductors must be summed vectorially at the point of interest, with due regard to the phase relationship. The resultant magnetic field is a vector quantity which, in general, varies in both amplitude and direction at the power frequency and whose locus can be represented by an ellipse in a plane normal to the power line. For the purposes of the present study, the magnetic field was represented by the r.m.s. value ofits amplitude (computed in the direction of the major axis of the ellipse) at the centre of the dwelling and at a height of 1 m above ground level. The Electricity Supply Industry design minimum ground clearance, plus the working reserve, was assumed for each type of line and each conductor was normally treated as a long straight, horizontal wire. Where the line terminated or changed direction in the neighbourhood of an address, the calculation took this into account and if an address was within the specified distance from more than one line, the total field was taken as the square root of the sum of squares of the separate contributions of each line.
Balanced (or equal) phase currents were assumed throughout. If only two phases of a three-phase configuration were energised, as was sometimes the case for 415 V or 11 kV lines, it was usually known which the energised conductors were; otherwise they were assumed to be the two (e.g. the two most widely separated) yielding the highest field value.
The range of calculated magnetic fields at case and control addresses in the year ofbirth was from < 0.001 mG to 15.5 mG, with a median value of 0.035 mG. The calculated contribution of overhead-line load currents to the total domestic field thus varied from the insignificant to the dominant.
Method of analysis
The results have been analysed using linear logistic regression of matched data. The statistical package SAS has been used, in particular the MCSTRAT routine (Breslow & Day, 1980) (55) 10 ( (7) 41 (11) 17 7 194 (52) 21 ( (100) 214 (100) 374 (100) Figures are numbers of cases (percentage of total in parentheses). Table V compares the cases and controls for the distribution of their estimated field strength and of their distances to the closest overhead line of any voltage. A feature of this data is the high proportion of cases and controls (86% and 87% respectively) who have 'zero' estimated magnetic field. A 'zero' estimate occurred for one or more of the following reasons: (i) the address lay outside the specified distance limits from overhead lines; (ii) the line was out of commission or not built at the relevant time; (iii) the line terminated short of the address with a quasi 'end-on' orientation; or (iv) the calculated field value was for other reasons less than 0.001 mG. Less than 4% of cases and controls have calculated fields greater than 0.1 mG. The distance data in Table V show that 10% of the case and control addresses are within 100 m of an overhead power line. Tables X and XI split the data according to source and tumour morphology. As before, the OSCC/NRCT data (Table X) give higher odds ratios than the Yorkshire Registry data, but none of the estimates is significantly higher than unity. The confidence limits are particularly wide and uninformative for magnetic fields > 1.0 mG. The case-control analysis presented shows no significant difference in odds ratio for calculated power line fields above or below this level; nor is there any convincing difference or trend in the odds ratios for different distances from the lines.
The few estimates of relative risk presented in this paper which approach statistical significance are either not part of a plausible trend, or are otherwise difficult to interpret. Thus, the highest estimate in Table IX is for an intermediate magnetic field strength.
The validity of allowing for a possible effect of house type as an indicator of social class may be questioned. Much of the terraced housing in the region is privately owned by the occupants, while much of the semi-detached housing is publicly owned and rented to the occupants. Furthermore, evidence from the literature that socioeconomic factors are associated with childhood cancers is limited.
By the very nature of this type of case-control study, the number of case and control children whose homes would be in different distance and magnetic field bands could not be known in advance. Thus, no statistical power estimations could be carried out a priori. However, with the wisdom of hindsight, an estimate can be made, based on the numbers of cases and controls whose birth addresses were within 25 m (30 children), and 100 m (approximately 100 children) of overhead power lines, or whose birth address had a calculated field of 0.1 mG or more (approximately 40 children) or 1.0 mG or more (five children).
Assuming a two-sided type I error of 5%, and independent samples, the study was calculated to have only an 18% power of detecting a true relative risk of 1.5 for those living within 25 m of an overhead line, or 54% power using 100 m as the critical distance. Acceptable statistical power is found either if a true relative risk more than 2.5 or 3 exists for children living within 50 m of power lines, or if a more moderate risk (2.0) occurs throughout the 0-100 m band.
If an above-background magnetic field carried a true relative risk of 2.5 or more, this study had a reasonable change of detecting it. The study stood no realistic chance of detecting any raised relative risk associated with a field of more than 1 mG, because of the very small numbers of cases and controls in that situation. Because many of the calculated fields were of the same order of magnitude as the assumed background field, and true background fields are likely to vary from place to place, the true statistical power of the study will be even less than the figures reported above.
In summary, then, because there were relatively small numbers of cases and controls in the 'exposed' categories, the study has a low statistical power of detecting quite moderate relative risks (2.0-2.5). The fact that significantly raised relative-risk estimates were not found may be due to the lack of a true association of risk with distance or magnetic field, or because the true relative risks are less than moderate, or because of a type I error. It is not possible to determine which of these is true.
Weaknesses of the study include the lack of any measurements of magnetic field at case or control addresses and the lack of consideration of a number of possible confounding factors in addition to house type (such as, for example, the mothers' exposure to X-rays during pregnancy). An important strength of the study is that the magnetic field estimates were based to a large extent on actual historical loads for the overhead lines concerned. However, the generally low level of calculated fields relative to the background from other sources means that the study reveals little about possible effects of magnetic fields per se.
The rarity of childhood cancer as a disease and the apparent rarity of enhanced exposure to magnetic fields produced by the load currents of overhead power lines means that future studies must be designed with greater numbers of cases and controls and/or with better characterisation of actual exposure to magnetic fields. Such studies are already underway in the United States and in Sweden and are planned for the UK in the near future.
